This paper discusses the feasibility of characterizing the shape and size of graphite in flake graphite cast iron based on electromagnetic nondestructive methods. Several flake graphite cast iron specimens containing graphite of various shapes and sizes were prepared and their electromagnetic properties such as conductivity and relative permeability were evaluated systematically. Both the conductivity and the relative permeability were found to mainly depend on the shape and size of graphite. The conductivity was specifically found to have a good correlation with the shape and size of graphite and this was independent of the pearlite area fraction of matrix. The conductivity also correlates well to the ultrasonic velocity which indicates the amount and size of the graphite. The DC potential drop method was used to evaluate the structure of graphite and its capability was evaluated.
Introduction
Flake graphite cast iron is used as mechanical components in bearings and brake shoes etc. because of their high wear resistance and damping properties. Flake graphite cast iron is an ideal material for automobile brake disks since it has excellent damping properties because of the flaky graphite. Therefore, controlling the graphite structure is highly desirable before producing brake disks. A basic ultrasonic technique to evaluate the structure of graphite has been established. [1] [2] [3] [4] However, this nondestructive method requires two parallel planes for each target specimen to evaluate the ultrasonic velocity and it can only be applied with difficulty to specimens with a complicated outline.
Graphite and other structures composing the cast iron matrices may be evaluated using electromagnetic properties such as conductivity and permeability. 5) Some works have been carried out to estimate the hardness and the fraction of ferrite to pearlite in ductile cast iron using electromagnetic nondestructive evaluation methods. It has been reported that the eddy current method and the magnetic adoptive method are highly accurate for the evaluation of ductile cast iron matrices. [6] [7] [8] [9] The graphite flakes in flake graphite cast iron have varied morphology since the flakes have complicated structures and are linked to each other. The relationship between graphite structure and its electromagnetic properties has not been systematically investigated.
With regards to the background described above, this paper discusses the feasibility of characterizing the graphite structures in flake graphite cast iron based on electromagnetic nondestructive evaluation methods. Therefore, several flake graphite cast iron materials with various graphite structures and matrices were prepared and their conductivities and magnetic properties were measured and evaluated systematically. We used the DC potential drop method to investigate the electromagnetic properties and applied this method to the evaluation of graphite's shape and size and we discuss its capability.
Experimental Procedures

Materials
Three flake graphite cast iron materials with chemical compositions listed in Table 1 were prepared. Their carbon equivalent (CE) values were defined by:
and were controlled to produce various graphite shapes and sizes. These metals were designated CE4.7, CE4.1 and CE3.7 based on their targeted CE values. Pig iron (4.09%C, 0.89%Si, 0.07%Mn, 0.019%P, 0.012%S, 0.016%Cr, 0.003%Ti), ferrosilicon (Fe-75%Si), electrolytic iron and electrolytic manganese were used as raw materials and were melted using a high frequency induction melting furnace at 1743 K. Ferrosilicon (Fe-75%Si) was also used as an inoculant. The melts were poured into moulds made by the CO 2 gas process to produce the columnar bars with a length of 60 mm and a diameter of 46 mm. After each bar was cut into disks 10 mm thick, the disks were subjected to two kinds of heat treatments: annealing (AN) to obtain a ferrite based matrix and normalizing (NR) to obtain a pearlite based matrix. To treat these annealed and normalized disks, they were heated at 1123 K in a furnace for one hour and then either cooled in the furnace or in air for AN and NR, respectively. These as-cast, normalized and annealed materials were designated AS, NR and AN, respectively. We thus produced 9 flake graphite cast iron materials with various matrices and graphite shapes as shown in Table 2 .
After grinding the specimen surfaces, their Brinell hardness HB (HBW 10/3000) was measured and is listed in Table 2 . These hardness values indicate that the normalizing and annealing treatments were successful in producing the pearlitic and ferritic matrices, respectively.
Measurement of ultrasonic velocity
Both parallel surfaces of the disk specimen (10 mm thick) were polished well using a milling attachment and a 5 MHz broadband ultrasonic transducer was placed on one surface with coupling medium of machine oil. The ultrasonic velocity was evaluated by measuring the round-trip traveling time of the pulse between the two parallel surfaces using an oscilloscope.
Measurement of conductivity
The conductivity was measured by the DC four-terminal method. A schematic drawing of the experimental setup is shown in Fig. 1 . The specimens were machined into columnar rods with a diameter of 3 mm and a length of 30 mm. A DC current of 1 A was provided using a bipolar power supply to both ends of the specimen. Voltage terminals were positioned on the side surfaces of the specimen at intervals of 2.5 mm and the voltage was measured using a digital multi-meter.
Evaluation of magnetic properties
A BH loop tracer, as shown in Fig. 2 , was used to evaluate the magnetic properties of the specimens. This equipment consists of a function generator, a power amplifier and two solenoids (pickup and exciting coils). The columnar rod specimens used for the conductivity measurements were also used for these measurements. The specimens were magnetized by the coaxial exciting coil and the magnetization was evaluated by the voltage induced in the pickup coil. Finally, B-H curves were plotted by taking demagnetization factors into consideration. The test frequency and the maximum applied field were 10 Hz and 80 kA/m, respectively.
Results and Discussion
Graphite structure and ultrasonic velocity
The metallographic examination of the graphite structures and the matrix structures were done according to ISO 945. Microphotographs of the three materials in their as-cast condition are shown in Fig. 3 . The graphite flakes of CE4.7AS are comparatively longer and they are uniformly and isotropically distributed and are thus categorized as type B flakes. CE4.1AS has smaller graphite flakes than CE4.7AS and they are categorized as type A flakes. In CE3.7AS, very small eutectic graphite flakes were found to be distributed in the dendrite and they are categorized as type D and E flakes. The microphotographs, after etching with 3% Nital, indicate that CE4.7AS has a pearlite-ferrite matrix and CE3.7 has a completely pearlitic matrix. CE4.1 mainly has a pearlitic matrix but a small amount of ferrite surrounds the graphite flakes. These matrix observations are consistent with the hardness listed in Table 2 . The area fraction and average length of graphite flakes were evaluated using an image processing software. The area fraction of graphite was evaluated using microphotograph binary images of 5 fields at the same magnification as those in Fig. 3 . The length of graphite is defined as the average diameter of the minimum circle circumscribing each graphite flake larger than 5 mm. The area fraction of graphite for CE4.7AS, CE4.1AS and CE3.7AS is 17.8, 12.6 and 10.0%, respectively. The length of the graphite flakes for CE4.7AS, CE4.1AS and CE3.7AS is 67, 39 and 28 mm, respectively.
The ultrasonic velocity of each material was measured by the method described in section 2.2. Figure 4 shows the ultrasonic velocity for the as-cast materials as a function of the graphite area fraction and length, respectively. The ultrasonic velocity depends on the area fraction and length of graphite. In the reference, 3) a model for the ultrasonic velocity of flake graphite cast iron was discussed based on the effective cross-section area fraction of the matrix which is related to the total projected area of the graphite flakes in the stress direction. Based on this model, the ultrasonic velocity should decrease with an increase in the amount of graphite and/or graphite length. This model is consistent with the relation shown in Fig. 4 . Hereafter, the graphite structure of the materials will be quantitatively discussed with regards to the ultrasonic velocity. Figure 5 shows the relationship between the conductivity and the hardness. Considering each set of materials, CE4.7, CE4.1 and CE3.7, the dependence of conductivity on hardness or matrix is very small. For CE4.7, the conductivity increased slightly after annealing. For CE4.1 and CE3.7, the conductivity decreased slightly after normalizing. On the other hand, the change in conductivity after a change in the graphite structure is very large since the conductivity differences among CE4.7, CE4.1 and CE3.7 are clear as shown in Fig. 5 . Therefore, the conductivity of flake graphite cast iron materials depends on their graphite structures far more than on their matrix structures. Figure 6 shows the conductivity of all specimens as a function of the ultrasonic velocity. The previous studies reported that the ultrasonic velocity of flake graphite cast iron materials decreases with an increase in the graphite content and it decreases after heat treatment as well. 3, 4) The ultrasonic velocity results in Fig. 6 show a similar tendency to that observed in the previous work. It should be noted that the conductivity is clearly different among CE3.7, CE4.1 and CE4.7 but the difference in ultrasonic velocity among CE3.7 and CE4.1 is not clear, as shown in Fig. 6 . Therefore, the conductivity mainly depends on the content and size of the graphite and is independent of the matrix, which implies that the structure of graphite may be evaluated by measuring conductivity.
Conductivity
In the case of ductile cast iron, the conductivity correlates to the matrix and is independent of the shape and number of graphite nodules and this behavior is contrary to the case of flake graphite cast iron discussed above. 10) In general, the conductivity of the matrix is much larger than that of graphite. In the case of ductile cast iron, the graphite nodules are located apart from each other and the electric current mainly flows through the matrix. Therefore, the macroscopic conductivity of ductile cast iron is mainly affected by the matrix structure rather than the graphite structures. However, in the case of flake graphite cast iron, the graphite flakes link in a complicated manner to each other and the electric current passes through the graphite flakes whose conductivity is much lower than that of matrix. A change in the graphite structure, as is the case in this study, results in a relatively larger effect on the conductivity of the cast iron. This difference in the current flow medium is considered to be the main reason for the flake graphite cast iron showing different behaviors with regards to the graphite structure and the macroscopic conductivity compared with the ductile cast iron.
Relative permeability
Magnetization curves were measured at a field amplitude of 8.0 kA/m and a frequency of 10 Hz. Figure 7 shows the different magnetization curves for the materials. In Fig. 7(a) , magnetization curves of the specimens with pearlitic matrices (CE4.7NR, CE4.1NR and CE3.7NR) are plotted to determine the dependence on the graphite structure. Although the coercivity does not depend on the graphite structure, the remanence and magnetic flux density at the maximum fields change according to the graphite structure. In Fig. 7(b) , the magnetization curves of the specimens with the same CE values (CE4.1AS, CE4.1NR and CE4.1AN) are plotted to determine their dependence on the matrix. The change in coercivity caused by a change in the matrix is larger than that for the remanence and the magnetic flux density at the maximum field. The reference 11) discusses the Fig. 6 Relationship between conductivity and ultrasonic velocity.
Electromagnetic Nondestructive Evaluation of Graphite Structures in Flake Graphite Cast Ironmagnetic properties of cast iron with different matrices and graphite structures from flaky to spheroidal graphite. The results of a principal component analysis for all samples indicate that the coercivity depends on the matrix rather than on the graphite structure and the flux density at high field (31.8 kA/m) depends on the graphite structure. This is very consistent with the results shown in Fig. 7 .
In this study, we used the relative permeability, ¼ B=ð 0 HÞ at a magnetic field of 8 kA/m, where B is the magnetic flux density, 0 the permeability of free space and H the magnetic field. Figure 8 shows the relationship between the relative permeability and the ultrasonic velocity. The relative permeability as well as the conductivity correlates well to the ultrasonic velocity which reflects the size and content of graphite flake. However, in each set of materials the relative permeability changes slightly by heat treatments compared with the conductivity, which implies that the permeability has a small dependence on the matrix.
Application of the Potential Drop Method
This investigation on the electromagnetic properties of flake graphite cast iron showed that the graphite structure dominates the electromagnetic properties. Especially, the conductivity correlates well to the graphite structure and is independent of the matrix. Based on this finding, the DC potential drop method was used to evaluate the graphite structure. The experimental setup is shown in Fig. 9 . The probe consists of four needles; the two outer needles at intervals of 25 mm are current terminals and the two inner needles at intervals of 15 mm are the voltage terminals. Each needle is attached to a spring so that all needles can contact the target surfaces at the same pressure. The 3 A of DC current was fed to the current terminals in this study. Figure 10 shows the relationship between measured voltage and ultrasonic velocity. As was the case for the conductivity measurements, the potential drop of the probe has quite a good correlation to the ultrasonic velocity. The coefficient of determination R 2 is 0.88 (n ¼ 9), which supports the feasibility of a nondestructive evaluation of the graphite size and morphology in flake graphite cast iron materials by the potential drop method.
Conclusions
In this study, the feasibility of characterizing graphite structures by considering their shape and size in flake graphite cast iron was studied by evaluating their electromagnetic properties. Several flake graphite cast iron materials with various graphite structures and matrices were systematically evaluated. The following conclusions are made from this investigation: (1) The conductivity of flake graphite cast iron materials depends largely on their graphite structure and not so much on their matrix structure. The reason for this is that the graphite flakes with far lower conductivity than the matrices are distributed continuously and stereoscopically within the matrix and the structure of the graphite dominates the macroscopic conductivity of flake graphite cast iron materials.
(2) The permeability of the flake graphite cast iron materials depends mainly on the graphite structure rather than on the matrix. However, the permeability changes slightly according to the heat treatment procedure. (3) Both the conductivity and the permeability of as-cast flake graphite cast iron materials correlates well with their ultrasonic velocity which indicates the amount and size of the graphite flakes. (4) The potential drop of the flake graphite cast iron specimens were measured by the DC potential method. The potential drops correlates well to the ultrasonic velocity with a high coefficient of determination R 2 of 0.88, which indicates that it is feasible to characterize graphite structures by the DC potential method.
